Influence of variation of the contact area upon the slip resistance of a bolted joint, July 1966, MS Thesis (69-17) by Nester, E. E.
Lehigh University
Lehigh Preserve
Fritz Laboratory Reports Civil and Environmental Engineering
1966
Influence of variation of the contact area upon the
slip resistance of a bolted joint, July 1966, MS
Thesis (69-17)
E. E. Nester
Follow this and additional works at: http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-
reports
This Technical Report is brought to you for free and open access by the Civil and Environmental Engineering at Lehigh Preserve. It has been accepted
for inclusion in Fritz Laboratory Reports by an authorized administrator of Lehigh Preserve. For more information, please contact
preserve@lehigh.edu.
Recommended Citation
Nester, E. E., "Influence of variation of the contact area upon the slip resistance of a bolted joint, July 1966, MS Thesis (69-17)"
(1966). Fritz Laboratory Reports. Paper 1899.
http://preserve.lehigh.edu/engr-civil-environmental-fritz-lab-reports/1899
INFLUENCE OF VARIATION OF THE CONTACT AREA
UPON THE SLIP RE SISTANCE OF A BOLTED JOINT
by
Ernest E. Nester
A thesis
presented to the Graduate Faculty
of Lehigh University
in candidacy for the Degree of
Master of Science
Lehigh University
1966
CERTIFICATE OF APPROVAL
This thesis is accepted and approved in partial fulfillment
of the requirements of the degree of Master of Science.
Date
Dr. John W. Fisher
Professor in Charge
Dr. L. S. Beedle, Acting Chairman
Department of Civil Engineering
ii
318.1
A C K NOW LED G MEN T S
The author wishes to express his gratitude for the supervision,
encouragement, and review of the manuscript of his thesis supervisor,
Professor John W. Fisher. The advice and help: of his co-workers Robert
Kormanik and Ronald Allen is deeply appreciated. 'Stephen Ko provided
valuable assistance in testing and reducing data. Thanks are also ex-
tended to Dorothy Fielding for typing the manuscript; to Mr. Roger
Slutter for his advice as Engineer of Tests; to Richard Sopko for the
photography; to John Gera for the drafting; and to Ken Harpel and the
laboratory technicians for their work required to prepare the specimens
for testing and their help in testing.
This study has been carried out as a part of the research
project on "Large Bolted Connections" being conducted at Fritz Engineering
Laboratory, Department of Civil Engineering, Lehigh University.
Professor L. S. Beedle is Acting Head of the Department and Director of
the Laboratory.
The project is sponsored financially by the Pennsylvania
Department of Highways, the U. S. Department of Commerce-Bureau of Public
Roads, and the Research Council on Riveted and Bolted Structural Joints.
Technical guidance was provided ~y the Research Council on Riveted and
Bolted Structural Joints through an advisory committee under the
chairmanship of Mr. N. G. Hanson.
iii
1.
2.
3.
4.
5.
6.
7.
8.
TABLE OF CONTENTS
ABSTRACT
INTRODUCTION
1.1 Purpose
1.2 Scope
REVIEW OF PREVIOUS WORK
2.1 University of Washington
2.2 Cullimore and Upton
2.3 Dorman Long and Company
2.4 Lehigh University
TESTS OF BOLTED JOINTS
3.1 Description of Specimens
3.2 Plate Properties
3.3 Calibration and Instrumentation of Bolts
3.4 Fabrication and Assembly
3.5 Instrumentation of Joints
3.6 Test Procedure
TEST RESULTS AND ANALYSIS
4.1 Slip Behavior
4.2 Effect of Washer Size on Slip Behavior
4.3 Changes in Bolt Tension
4.4 Load Distribution
SUMMARY
TABLES AND FIGURES
REFERENCES
VITA
iv
Page
1
2
2
4
5
5
6
8
10
11
11
11
12
14
15
16
18
18
20
23
24
26
27
58
60
318.1
Table
1
2
3
4
5
6
7
LIST OF TABLES
UNIVERSITY OF WASHINGTON TEST RESULTS
DORMAN LONG AND COMPANY TEST RESULTS
RESULTS OF PREVIOUS TESTS AT LEHIGH UNIVERSITY
SUMMARY OF TEST SPECIMENS
MATERIAL PROPERTIES DETERMINED BY COUPON TESTS
SUMMARY OF TEST RESULTS
CHANGES IN BOLT TENSION
v
Page
28
29
30
31
32
33
34
318.1
LIS T 0 F FIG U RES
Figure Page
1 PRESSURE DISTRIBUTION BETWEEN TWO FLAT PLATES ACCORDING 35
TO CULLIMORE AND UPTON
2 TEST SPECIMEN USED BY DORMAN LONG AND COMPANY 36
3 SLIP COEFFICmNT - CONTACT AREA RELATIONSHIP FOR TESTS 36
BY DORMAN LONG AND COMPANY
4 TEST SPECIMENS 37
5 MAXIMUM POSSIBlE CONTACT AREA FOR ONE BOLT 38
6 TYPICAL BOLT CALIBRATION CURVES 39
7 FOIL GAGE INSTRUMENTATION ON BOLT SHANK 40
8 CALIBRATION OF GAGED BOLTS . 41
9 WASHERS USED IN TEST PROGRAM 42
10 WASHERS WELDED TO MAIN PLATE SECTION OF JOINT CA5-3 42
11 INSTALLATION OF BOLTS IN JOINT CA5-3 43
12 INSTRUMENTATION OF JOINT CA3-2 43
13 EXTRA STRAIN GAGES ON MAIN PLATE SECTIONS OF JOINT CA2 44
14
15
16
17
18
19
20
SLIP MOVEMENT ALONG JOINT CA5-1
L~D-DEFORMATION BEHAVIOR OF JOINTS CA1-1, 2 AND 3
LOAD-DEFORMATION BEHAVIOR OF JOINTS CA2-1, 2 AND 3
LOAD-DEFORMATION BEHAVIOR OF JOINTS CA3-1, 2 AND 3
LOAD-DEFORMATION BEHAVIOR OF JOINTS CA4-1, 2 AND 3
LOAD-DEFORMATION BEHAVIOR OF JOINTS CA5-1, 2 AND 3
VARIATION OF SLIP COEFFICIENT WITH CONTACT AREA
vi
45
46
47
48
49
50
51
318.1
Figure
21
22
23
MAIN PlATE SECTIONS OF JOINTS WITH WASHERS AFTER
TESTING
MAIN PlATE SECTION OF JOINT CAl-3 AFTER TESTING
LOAD-DEFORMATION BEHAVIOR OF JOINTS CA5-1A AND CA5-2A
52
53
54
24 BOLT TENSION - JOINT LOAD CHARACTERISTICS OF JOINT CA2-2 55
25
26
COMPLETE HISTORY OF BOLT TENSION
LOAD DISTRIBUTION ALONG MAIN PLATES OF JOINT CA2-2
vii
56
57
318.1
A B S T RAe T
If the plates in a joint are not initially flat it may not
be possible to bring the plates together over the entire faying area
when the bolts are tightened. To ascertain whether or not it is
necessary to have full contact over the entire faying area to develop
the slip resistance of a joint, fifteen butt joints were tested.
The test specimens were fabricated from 1 inch thick A36
steel plate and had a single line of four 7/8 inch diameter A325
bolts. To provide a controlled variation of the possible contact area
round washers fabricated from 1/2 inch thick A36 plate were placed
between the main and lap plates of twelve joints. The diameter of
washers used were 1-3/4, 2-5/8, 3-1/2, and 4-3/8 inches. The remaining
three joints were common butt joints used as control specimens. The
faying surfaces of the joints and washers were tight mill scale.
The joints with washers between the main and lap plates had
lower .average slip coefficients than the control joints, but there was
no significant variation of slip coefficients with different si~es of
washers. The test reported herein and previous studies have indicated
that full contact of the faying surface areas is not necessary to
develop the slip resistance of a joint.
-1-
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1. I N T ROD U C T ION
1.1 PURPOSE
Present specifications for bolted structural joints using ASTM
A325 or A490 bolts recognize two kinds of shear connections, designated
as friction-type and bearing-type, respectively.(l) Shear connections
subjected to stress reversal, severe stress fluctuation, or where
slippage would be undesirable are designed as friction-type connections.
In the friction-type joint, movement of the connected parts under static,
impact, or repeated loading is not tolerated because of the detrimental
effect on the behavior or configuration of the structure. In this
type joint, slip constitutes failure and working loads must be resisted
by friction with a reasonable factor of safety against the occurrence
of slip.
If slip is not detrimental to the function of the connection,
the joint is designed as a bearing-type connection and in such a
connection .it is the shearing of the bolts or failuI·e of the connected
parts that constitute failure.
In structural joints connected with high strength bolts,
working loads in both friction and bearing-type joints are resisted
by frictional forces acting on the faying surfaces of the connected
material. According to Coulomb's laws of static friction, the value of
-2-
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the maximum frictional force is related directly to the normal force and
to the surface condition as represented by the coefficient of static
friction. In a bolted connection, the normal force corresponds to the
initial tension or clamping force of the bolts. A slip coefficient
determined from the slip load and initial clamping force may not compare
directly with values of the static coefficient of friction as determined
from sliding block tests.
The latest specifications for bolted joints outline procedures
to be used for tightening the bolts in a joint. (1) The specifications
require that each bolt shall be tightened until the minimum bolt tension
as specified is achieved, which is the proof load. For the calibrated
wrench method the specifications require that the wrench shall be
returned to touch-up bolts previously tightened, which may have been
relaxed by the tightening of subsequent bolts, until all are tightened
to the prescribed amount. For the turn-of-nut method of tightening,
the specifications require that enough bolts shall be brought to a snug
tight condition to insure that the parts of the joints are brought into
full contact. In the commentary it is pointed out that the percentage
of bolts required to be made snug tigh~ in order to compact the joint
will depend upon the stiffness of the connected parts and their initial
straightness.
British specifications are similar in many respects to the
Research Council specifications and they also require that when bolts
are tightened by the turn-of-nut method, the joint surfaces shall be
brought into close contact. (2)
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The plates or connected parts of a joint may be out-of-f1at
for many reasons. The ASTM Specifications allow an out-of-f1atness of
3/8 inch for plates up to 36 inches wide. (3 ) The plates in a joint
could be deformed or warped by shearing, punching, welding, or other
fabrication procedures. Sometimes the plates in a joint are bent
accidentally during transport or during erection. In most field con-
nections the contact surfaces of a joint are not perfectly flat and do
not. fit together perfectly.
In large steel structures the plates in a joint may be 2 inches
or more in thickness. If these heavy plates have initial out-of-f1atness
that approaches the maximum allowable, it may be impossible to bring the
plates together over the entire faying surface even though all of the
bolts in the joint have been tightened to the prescribed amount.
The purpose of this investigation is to ascertain whether or
not it is necessary to have full contact over the entire faying surfa~e
area.
1.2 SCOPE
The first step in the study of this question was a review of
previous work that was directly or indirectly related to the subject.
To obtain more information on the relation of contact area
to slip resistance, fifteen full size joints were tested. The experi-
mental program was designed to provide controlled variation of the
contact area at the faying surface.
318.1
2. REVIEW OF PREVIOUS WORK
2.1 UNIVERSITY OF WASHINGTON
In April of 1951 the results of tests carried out at the
University of Washington were reported by Young and Hechtman. (4)
Twenty-three butt joints fabricated. from ASTM A7 steel with four
SAE4140 steel bolts were tested. The faying surfaces of the test
specimens were tight mill scale. The four bolts were placed in two
lines and the initial bolt tensions were established by using the 10ad-
elongation relationship for the bolts. No experimental means were used
to measure the bolt tension at the time of major slip.
Table 1 summarizes the results of the tests at the University
of Washington. The faying area per bolt as given. in the table is the
tributary area for one faying surface. No deductions were made for the
bolt holes. The slip coefficients given in the table are the nominal
coefficients based on the initial bolt tension.
The larger contact areas gave slightly higher slip coefficients
based on the initial bolt tension, but the spread is not enough to
indicate any significant effect of change in joint geometry ori the
slip coefficient.
-5-
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2.2 CULLIMORE AND UPTON
In 1964 Cullimore and Upton presented their work on the distri-
bution of pressure between two flat plates bolted together in an article
in the "International Journal of Mechanical Sciences ." (5) Their in-
vestigation was confined to a study of the distribution of normal pressure
at the interface of a pair of flat plates fastened together by a single
bolt through the center.
Cullimore and Upton made a theoretical study by using a re1ax-
ation method of analysis to determine the pressure distribution. Their
experimental measurements of the pressure distribution were made by
placing a sheet of carbon paper with a sheet of white paper on the
sensitive side between two circular plates with a bolt in the center.
When the bolt was tightened, some of the carbon was deposited on the
white paper. The pressure distribution was then measured by using an
optical instrument to measure the density of the carbon on the white
paper.
From their theoretical and experimental work, Cullimore and
Upton developed empirical formulas to be used for evaluating the
pressure distribution. The following formula was developed to express
the pressure at any point between the plates in terms of the pressure
at the edge of the hole, thickness of plate, radius of bolt hole, and
distance to the center of the hole:
{-O.665 [·R1. 8 J}(-) - 1A
T . T(Good for A = 1 to A = 6)
318.1
where PR = pressure at radius R
PA = pressure at edge of hole
T = thickness of plate
A = radius of hole
R = distance from center of hole
The maximum pressure occurs at the edge of the hole and is
given by the following formula:
-1
P
A
= 1.87 [(~)1.3 + 0.5 ] PM
T T(Good for - = 1 to - = 6)A A
where
PM = uniform pressure on loading annulus.
A plot of Cullimore and Upton's empirical formula for the
-7
pressure distribution between two plates is shown by the solid line in
Fig. 1. The curve is for a plate thickness to hole radius ratio of
2.13, which is the ratio for the fifteen specimens tested at Lehigh
University for this study.
If a linear distribution of pressure is assumed with the
maximum pressure PA at the edge of the hole then the radius R at which
the pressure becomes zero may be- calculated by equating the normal
pressure force at the contact surface to the applied pressure force on
the loading annulus. The following formula expresses the distance to
the point of zero pressure based on the above assumption:
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R = 1.7A + 0.9T
T(Good for A
where
T
= 1 to - = 4)A
R = radius at which the pressure becomes zero.
The assumption of linear distribution of pressure is shown by
the broken line in Fig. 1. According to this assumption the pressure
would become zero at a distance of 1.70 inches for the specimen tested
at Lehigh University.
The work of Cullimore and Upton showed that even when per-
.fectly flat plates are bolted together the pressure is not uniform over
the entire area but is confined to a limited area having a maximum
value at the edge of the hole. Moving away from the hole the pressure
drops rapidly in a manner governed by the plate thickness and the
radius of the bolt hole.
2.3 DORMAN LONG AND COMPANY
In 1965 a series of 26 tests were made in England on small
bolted joints to study the effect of contact area on the slip load of
a joint. (6) The specimens tested were butt joints having a single
7/8 inch diameter High Strength Friction Grip bolt on each side of the
joint. The contact area was varied by using 1/8 inch thick round
washers as shown in Fig. 2.
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All of the bolts were tightened by torquing to 500 ft./lbs.
which induced a nominal tension of 27.3 kips. The actual tension in the
bolts could have been 15% higher or lower than the assumed induced
tension.
The first time the joints were tested the faying surfaces were
in the "as received" condition. After the first tests the joints were
grit blasted. to obtain a standard degree of roughness and were retested.
The test results are summarized in Table 2. The w~shers used
in the test program varied from 2 inches to 6-1/8 inches outside
diameter. One of the specimens did not have any washers between the
main and lap plates. The contact areas given in Table 2 are the maxi-
mum possible contact areas for one faying surface for one washer. The
slip coefficients are based on the assumed nominal bolt tension of
27.3 kips.
The relationship between slip coefficients and the maximum
possible contact area is shown in Fig. 3. The slip coefficients for
the grit blasted surfaces are significantly higher than for the initial
tests but there is no significant variation within each group.
These tests indicate that for a small single bolt joint the
amount of possible contact area greater than the area for a 2 inch
diameter washer does not affect the slip coefficient. The author of
this report concluded that the amount and location of actual contact
does not affect the slip coefficient if the bolt tension is not
abnormally affected.
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2.4 LEHIGH UNIVERSITY
During the past eight years many joints with varying geometry
have been tested at Lehigh University. The primary object of these
tests was to study the influence of various factors such as joint
length, pitch, and relative proportions of the net tensile area of the
plate to the bolt shear area on the ultimate strength of bearing-type
connections. Data on the slip resistance was also recorded and this
information is given in Refs. 7, 8, and 9 for the A440 steel jo1.nts.
A summary of the A440 joints tested at Lehigh University is
given in Table 3. The contact areas given in Table 3 are the maximum
possible contact areas for one bolt for one faying surface. The specimens
listed in the table had clean mill scale for faying surfaces. These
joints show a wide variation of the slip coefficient with no correlation
to the maximum possible contact area.
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3. T EST S 0 F B 0 L TE D J 0 I N T S
3.1 DESCRIPTION OF SPECIMENS
The test specimens for this study had a single line of four
7/8 inch diameter A325 bolts. The joints were fabricated from 1 inch
thickA36 steel plate and the contact area was varied by using round
washers cut from 1/2 inch thick A36 steel plate. These washers were
placed between the main plates and lap plates of the joints as shown in
Fig. 4. The bolts in all of the joints were spaced at a pitch of 5-1/4
inches and the joints were 5-1/4 inches wide.
A total of 15 specimens were tested and they are summarized in
Table 4. Three of the joints did not have any washers between the main
and lap plates and were used as control specimens. Three specimens
each of joints with 1-3/4, 2-5/8, 3-1/2, and 4-3/8 inch diameter were
te.sted. The contact area given in Table 4 for each joint is the maximum
possible contact area for one faying surface for one bolt. The cross
hatched areas in Fig. 5 show the maximum possible contact areas for one
bolt for one faying surface for the joints tested.
3.2 PLATE PROPERTIES
Both the 1 inch and 1/2 inch thick A36 steel plates used to
fabricate the test joints and washers were rolled from the same heat
of steel which was specified to be minimum strength. The plates were
-11-
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rolled 28-1/2 inches wide. Two plates 34 feet long were used for the
1 inch plates in the test joints and the washers were cut from a 1/2.
inch plate that was 20 feet long.
To determine the physical properties of the plate standard
tension coupons were fabricated from a 2 ft. section cut at mid-length
of each plate. Three tension coupons were taken from each section as
shown by the sketch for Table 5.
The coupons were tested in a mechanical testing machine at a
speed of 0.025 inches per minute until after strain hardening began.
The machine was stopped three times on the yield plateau for a period of
5 minutes each to obtain the static yield load. After strain hardening
started the machine was run at 0.3 inches per minute until rupture. The
load-strain relationship was plotted by an automatic recorder for each
coupon.
The results of the coupon tests are given in Table 5. The yield
stress for the coupon tests given in the table are based on loads obtained
from the automatic recorder plots. The yield strength of the plates was
lower than the specified yield strength of A36 material because of the
slower speed of testing.
3.3 CALIBRATION AND INSTRUMENTATION OF BOLTS
Seven-eighth inch diameter A325 bolts were used in all of the test
specimens. The bolts used in the three specimens without washers between
the main and lap plates were 5-1/4 inches long and the bolts used in the
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other specimens were 6-1/4 inches long. The 5-1/2 inch long bolts were
designated as lot XD and the 6-1/4 inch long bolts were designated as
lot XA. Both lots of bolts were calibrated in direct tension and torqued
tension. (10) Typical results of the direct tension and torquedterision
tests are shown in Fig. 6.
Foil gages were mounted on opposite sides of the bolt shanks near
the heads of the bolts in order to measure the changes in bolt tension
as the joints were loaded. Small areas 11/16 inch long and 1/16 inch
deep were milled under the bolt head to provide a flat surface on which
to mount the gages. The two electrical resistance foil gages were mounted
parallel to the shank of the bolt and were wired in series as shown in
Fig. 7. Holes 1/8 in~h in diameter were drilled through the heads of
the bolts to facilitate attaching the lead wires to the gages.
In order to relate the strain readings taken from the foil
gages to bolt tension, each bolt was calibrated in direct tension up to
proof load of 36,000 pounds. The bolts were loaded in increments of
5,000 pounds and at each increment the foil gages were read and the bolt
elongation was also measured by using a C-frame extensometer with a
1/10,000 inch dial gage. The bolt tension-strain behavior and the bolt
tension-elongation behavior are shown in Fig. 8 for a typical bolt.
\
The milled areas on the bolt shanks did not cause any measurable change
in the load-elongation relationship of the bolt as compared to the bolts
without gages. The load-strain relationship was linear for both the
loading and unloading cycles.
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Most of the 6-1/4 inch long bolts were used in a total of four
tests. A few of the bolts were calibrated again in direct tension after
the first and third uses to see if there were any changes in bolt be-
havior. The calibration of the bolts after being used checked very
closely with the original calibrations.
3.4 FABRICATION AND ASSEMBLY
The joints were fabricated by a local steel fabricator. All of
the plate elements were flame cut to rough size and milled to final
dimensions. The end holes in the joints were sub-drilled and reamed to
size and the remaining holes were drilled to the full size of the
15/16 inch diameter.
All of the washers used between the main and lap plates were
fabricated at Lehigh -li~iversity from a 1/2 inch thick plate rolled
from the same heat of steel. The first step in making the washers was
drilling all of the holes after the washers had been laid out on the
plate. The washers were sawed to rough size and then all washers of the
same diameter were placed on a mandril and turned down to the proper
di~meter on a lathe. After turning down to size the washers were again
placed on the mandril with spacers between the washers and a file was
held at each edge of each washer while turning on the lathe to remove
any burrs and sharp edges. This was done to prevent the washers from
digging into the plates of the joints. The different sizes of washers
used in the test program are shown in Fig. 9.
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Cleaning, assembly, and instrumentation of the joints were
performed at Fritz Engineering Laboratory. Before assembly the contact
surfaces of the joints and washers were cleaned by wire brushing to
remove loose mill scale and then cleaned with solvent to remove any
grease or other foreign material. After cleaning the joints were
assembled and aligned by using a straight edge.
The washers were not welded or fastened to the parts of the
joints in any manner except for joint CA5-3. In this joint the washers
were tack weld~d to the main plates at the top and bottom of the washers
as shown in Fig. 10.
The bolts were installed with standard washers under both the
head of the bolt and the nut. The bolts were tightened by using a torque
wrench only to approximately the proof load so the bolts could be reused
in subsequent tests. A small amount of lubricating oil was placed on
the end threads of each bolt to prevent any damage to the threads
during tightening. The bolt tension was determined by using a C-frame
extensometer to measure the bolt elongations as shown in Fig. 11. The
bolt elongations were measured at approximately five minutes after
tightening.
After the bolts were tightened, brackets and studs for mounting
dial gages were tack welded to the specimens as shown in Fig. 12.
3.5 INSTRUMENTATION OF JOINTS
The basic instrumentation that was used on the joints tested
is shown in Fig. 12. The relative movement at each bolt was measured
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by using 0.0001 dial gages. The dial gages were bolted to a tab which
was tack welded to the main plates and the pointers of the gages rested
on a frame which w~s tack welded to the lap plates at the same level.
Dial gages were used to measure the movement at all the bolt locations
on one side of the joint and one dial gage was used on the other side
of the joint to check for eccentricity.
Overall joint elongations were measured from points that were
one pitch length from the end bolts of the joints. The rods shown in
Fig, 12 were secured to the bottom studs but could slide freely in the
attachments fastened to the studs near the top of the joint. The
joint elongation was measured by the dial gages on each side of the
joint.
At least eight SR-4 gages were placed on all joints tested as
shown in Fig. 12. The SR-4 gages were placed at the centers of the
edges of the lap and main plates. Additional SR-4 gages were placed on
joints CA2-l, CA2-2, CA2-3 to obtain information on the load distribution
as the joint was loaded. Six SR-4 gages were placed around the main
plates at four locations as shown in Fig. 13. The gages were centered
between the bolts and were placed one half a pitch length outside the
last or top bolt.
3.6 TEST PROCEDURE
All of the joints except one were tested in a 800 kip mechanical
testing machine with wedge grips. Steel bars were tack welded to the
ends of the joints to aid in setting the wedge grips since the teeth on
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the grips were very dull. Joint CA2-3 was tested in a 5,000,000 pound
hydraulic testing machine to see if the slip behavior of the joints
would be the same in both machines.
The joints were loaded in static tension in increments of 10 kips
until major slip occurred with strain and ,dial gage readings being taken
at each increment. The £oil gages on the bolts were also read at each
increment. After the first slip occurred in each of the joints they
were again loaded in increments of approximately 10 kips until the
second slip occurred. This procedure was repeated (except for joint
CA3-l) until a total slip of about 0.08 inches was reached or the bolts
were in bearing.
After the joints were removed from the testing machine they were
dismantled so the contact surfaces could be inspected.
318.1
4. T EST RES U L T SAN DAN A L Y SIS
4.1 SLIP BEHAVIOR
-18
When a bolted joint is subjected to a tensile load, frictional
forces are developed along the faying surfaces because the main and
lap plates tend to move relative to each other. These frictional
forces prevent relative movement except for elastic deformation until
a sufficiently large load is applied and a major slip occurs. The
frictional forces are developed primarily by the interlocking of the
irregularities of the surfaces in contact and also, to a certain extent,
b 1 1 ': . (11)y mo ecu ar attract10n. When the plates of a joint are bolted
together contact occurs only at the highest spots and when slip occurs
the highest projections are sheared off. The amount of movement that
takes place when slip occurs will depend on the clearance of the holes
and upon the geometry and physical characteristics of the joint.
When the joints were loaded there were small deformations with
the dial gages either moving very slowly or occasionally a sudden move- J:.
ment of about 0.0001 inch o~'all the dial gages and a slight noise. When
! '
the first major slip occurred there was a loud noise followed immediately
by a sudden drop in load. When the first major slip occurred all of the
hands on the dial gages moved violently at the same time.
The first dial gages at the bolt locations to respond under load
were the end gages and the gages at the middle bolts lagged considerably.
Figure 14 is a plot of the relative movements at each of the bolt
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locations for joint CA5-l. After the joint slipped and the load dropped
there was still more total movement at the end bolts. The dial gages
at the middle bolts lagged behind the dial gages at the end bolts for
the load increments between slips and for all of the slips.
The load-joint elongation and load-slip behavior for all of the
joints tested are shown in Figs. 15 to 19. The joint elongation shown
is the average for the dial gages on each side of the joint and the slip
shown is the average slip of the two dial gages at the top bolt. The
general patterns for the load-joi~telongationand load-slip relation- .
ships are the same for each joint as shown by Figs. 15 to 19.
The behavior ,of the joints with washers inserted between the
faying surfaces was nearly the same as an examination of Figs. 16 to 19
reveals. The joints did not slip all the way into bearing the first
time slip occurred. There were several slips before the bolts were in
bearing or a total slip of 0.08 inches was reached.
Although none of the three control joints CAl shown in Fig. 15
slipped all the way into bearing immediately, the amount of slip at the
first occurrence was much greater for joints CAl-l and CAl-2 than for
any of the joints with washers between the main and lap plates. Fewer
slips occurred in the control joints before a total movement of 0.08
took place than for the joints with washers.
Calculated joint elongations for joints CAl-l and CA2-l are also
shown in Figs. 15 and 16. The joint elongation was calculated by
assuming that the joint load was carried by the gross area of the main
or lap plates from the gage points to the end bolts in the joints.
318.1 -20
..
Between the end bolts it was assumed that the load was carried by the
gross area of the main plates plus the lap plates and the str~sses were
uniform. The calculated joint elongation was the same for the control
joints and the joints with washers because the washer deformations were
not considered in the calculations. The calculated and experimental
joint elongations were very close for all the joints tested up to the
point of first slip.
To determine if there would be any difference in the slip
behavior that could be attributed to the testing machine, joint CA2-3
was tested in the 5,000,000 pound hydraulic testing machine .. The 10ad-
deformation behavior of this joint is shown in Fig. 16 along with the
other two joints for this series of tests. An examination of Fig. 16
shows that there were no significant differences in the slip behavior.
4.2 EFFECT OF WASHER SIZE ON SLIP BEHAVIOR
A summary of the test results are given in Table 6. The slip
coefficients given in the table and designated as K are based on the
sl
initial bolt tension and the maximum load reached before the first
occurrence of slip. The second set of slip coefficients are based on
the initial bolt tension and the maximum load on the joint before a
total slip of 0.02 inches was reached. The slip coefficients based on
the first slip load varied from 0.20 to 0.32 for the joints with washers
and from 0.28 to 0.39 for the control joints. The only major increases
in slip coefficients for the second method of calculation are for joints
CA3-1, CA3-2, CA3-3, and CA4-3.
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Figure 20 is a graphical representation of the test results.
In the top plot the slip coefficients are based on the first slip load
and in the bottom plot the slip coefficients are based on the maximum
load before a total slip of 0.02 inches was reached. The contact areas
given in Fig. 20 are the maximum possible contact areas for one bolt for
one faying surface.
The test data summarized in Table 6 and Fig. 20 shows that the
initial slip resistance of the joints with 2-5/8 and 3-1/2 inch diameter
washers was- less than for the cohtrol joints and the joints with 1-3/4
and 4-3/8 inch diameter washers. If the slip coefficients are based on
a slip of 0.02 inches there is no significant variation among the joints
with washers, except for two of the joints with 3-1/2 inch diameter
washers. The average values of the slip coefficients for the joints
with washers are all below the average values for the control joints.
This was probably due to the eccentricities introduced into the joints
by the washers.
After testing all of the joints were dismantled for inspection.
Photographs of the main plate section of typical joints with washers
are shown in Fig. 21. Some of the mill scale was sheared off or
loosened at the contact area between the washers and the main plates.
The only joints that showed scarring to the bare metal were the joints
with 1-3/4 inch diameter washers. The amount of surface disturbance on
the main plates appeared to be inversely proportional to the size of
the washers.
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The main plate section of control joint CAl-3 is shown in
-22
Fig. 22. Although the mill scale disturbance was scattered, there was
some indication that the mill scale disturbance was greatest near the
edges of the holes of the control joints.
According to Cullimore and Upton the highest contact pressures
should occur at the edges of the bolt holes, but this was not the case
for the joints with washers if the mill scale disturbance was an
indication of the contact pressure intensity. The areas near the holes
did not show any greater surface disturbance than the areas at the
edges of the washers. However, the normal joints did give some
indication that the contact pressure was highest near the holes.
The washers of joint CA5-3 were welded to the main plates as
was shown in Fig. 9 to reduce the possible number of slip planes as
compared to the other joints with washers. The slip coefficient for
this joint was close to the coefficients for the other two joints of this
series as shown in Table 6. Apparently the increased number of possible
slip, planes had little effect on the slip behavior. This was also
apparent from the load-deformation plots in Fig. 19 .
. Joints CA5-l and CA5-2 were retested using 5-3/16 inch diameter
washers in an attempt to fill in the gap between the 4-3/8 inch diameter
~ashers and the control joints. The slip behavior of these two joints
was not the same as for the original tests with 4-3/8 inch diameter
washers as shown in Fig. 23. For joint CA5-1A almost all of the move-
ment was gradual with the hands of the dial gages moving slowly with the
\
increase in load. Only once did a sudden slip occur in joint CAS-1A.
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A sudden slip occurred three times during the test of joint CA5-2A, but
the load-joint elongation behavior before the first slip and between
slips was not linear.
The difference in slip behavior when the joints were tested the
second time was probably due to the fact that the higher portions of the
tight mill scale had been loosened in the original tests and as a result
there were fewer irregularities to provide interlocking at the contact
surfaces. These retests showed that once slip has occurred in a joint
it will not have the same resistance to slip if it is reassembled and
tested again.
The tests reported herein and previous studies have indicated
that full contact of the faying surface areas is not necessary to develop
the slip resistance of a joint.
4.3 CHANGES IN BOLT TENSION
The change in bolt tension as the joints were loaded was deter-
mined from the bolt strain readings and are summarized in Table 7. The
average changes in bolt tension at a load of 50 kips are listed along
with the average changes in bolt tension at the last reading before
slip and at the equilibrium load that was reached after slip occurred.
The decrease in bolt tension just before slip varied from 0 to 8.6%
for the individual bolts. The losses of bolt tension before slip agreed
very closely with previous work at Lehigh University which resulted in
decreases in bolt tension from 1% to 8%. (13) The average loss in bolt
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tension for the joints varied from 1.2% to 5.6% with the joints with
1-3/4 inch diameter washers having the highest losses.
The·· change in bolt tension for all of the bo lts. in joint CA2-2
up to a point just after the first slip are shown in Fig. 24. For this··
joint, bolts 1 and 3 had the greatest loss in tension, but the joints
did not show any set pattern as to which bolt had the greatest loss of·
tension.
The complete history of the bolt tension for one of the bolts
~n joint CA2-2 is shown in Fig. 25. There was a continuous decrease in
bolt tension during the test. The loss of bolt tension was not recovered
when the joint was unloaded.
The loss of bolt tension due to relaxation during the period
between tightening of the bolts and testing was not measured. This loss
would probably be fairly uniform for all of the joints. Relaxation
studies have indicated that about 5% of the initial bolt tension is lost
. (14)due to relaxation.
4.4 LOAD DISTRIBUTION
Electrical resistance strain gages were placed around the main
plates of the CA2 joints at four locations as shown in Fig. 13. The
distribution of load along the main plate section of Joint CA2-2 is
shown in Fig. 26. The average of the strain readings at point 4 was
assumed to represent the joint load and the loads at the other 3 points
were calculated by using the average of the strain readings at each
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location. The joint loads as calculated from the average strain readings
at point 4 were 1% to 11.8% greater than the actual loads for the load·
levels shown in Fig. 26 for joint CA2-2.
If all of the bolts in joint CA2-2 carried the same loads the
load distribution for the main plates would be at the level where the
broken lines intersect the locations in Fig. 26. According to the
~J.
strain readings the load carried at point 1 was less than 25% for one
joint and approximately 25% for the other two joints. The load carried,
at point 2 was less than 50% for two joints and slightly above 50% for
the other joint. The load carried at point 3 was above 75% for all
three joints.
One possible reason for the higher load at point 3 was the
prying action of the lap plates at the end bolt. The prying action would
tend to reduce the contact pressure but would not cause any major change
in bolt tension. Since the slip resistance would be decreased due to
the reduced contact pressure, less frictional resistance would be
developed at the bolt between points 3 and 4. The strain readings
verified this.
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5. SUM MAR Y
1. The resistance of a joint to sl-ip is due primarily to interlocking
of the irregularities of the contact areas. When the frictional
forces are overcome there is a sudden relative movement of the main
and lap plates accompanied by a loud noise for joints with tight
. mill scale faying surfaces. The relative movement of the plates
shears off the highest parts of the contact surfaces.
2. Variation of joint width or length does not affect the slip
coefficient.
3. The slip behavior of joints with washers between the main and lap
plat~s was not the same as for normal joints. For the joints with
washers there was a series of small slips before the joint went into
bearing.
4. The joints with washers~etween the main and lap plates had lower
average slip coefficients than the control joints, but there was
no significant variation of slip coefficients with different sizes
of washers.
5. The loss of bolt tension for the joints with washers was within the
previously observed range for loss of tension. The small diameter
washers did not cause any abnormal decrease in bolt tension.
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6. TABLES
AND
FIGURES
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TABLE 1
UNIVERSITY OF WASHINGTON
TEST RESULTS
I
1111 I ;..
I
I
I
No. of Contact Area Slip
Specimens per Bolt Coefficient
(in. 2) (Average)
4 9 0.34
4 16 0.36
3 25 0.39
3 36 0.40 '
-
-28
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TABLE 2
DORMAN LONG AND COMPANY
TEST RESULTS
K
K sNet s For Grit
Test Washer Contact For Tight Blasted
No. Dia. Area Mill Scale Surfaces
(in. ) (in. )2
1 2 2.4 0.29 0.59
2 2-5/8 4.6 0.33 I 0.60
3 3-1/4 7.5 0.31 0.66
4 3-5/8 9.5 0.31 0.61
5 4-1/8 12.6 0.29 0.60
6 4-3/8 14.3 0.27 0.61
7 4-3/4 16.9 0.31 0.56
8 5 18.9 0.33 0.52
9 5-3/8 21.9 0.33 0.59
10 5-5/8 24.1 0.31 0.66
11 5-7/8 26.3 0.33 0.57
12 6-1/8 28.7 0.35 0.51
13 None 38.3 0.30 0.59
-29
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TABLE 3
RESULTS OF PREVIOUS TESTS
AT LEHIGH UNIVERSITY
Net
Specimen Contact
No. Plates Bolts Area K
(in. 2)
s
E41a A440 A325 10.0 0.32
E41b 10.5 0.24
E41c 10.8 0.32
E4lf 11.0 0.35
E41 11. 0 0.32
E41g 11.0 0.34
E46 11.0 0.34
E41e 11.8 0.34
E721 14.3 0.28
E163 16.1 0.27
E131 16.2 0.33
E7l 17.3 0.30
E74 17.3 0.34
E741 17.3 0.25
E191 18.1 0.33
E722 20.3 0.24
E164 22.8 0.29
E101 23.6 0.31
K42a A440· A490 12.7 0.36
K42b 13 .1 0.33
K42c 13.5 0.36
K42d 13.9 0.40
K131 15.1 0.32
Kl9l 28.6 0.34
K132 30.9 0.34
K133 43.1 0.33
..,30
318.1
TABLE 4
SUMMARY OF TEST SPECIMENS
Joint No. of Washer Net
Series Specimen O.D. Contact Area
(in. ) (in.) 2
CAl 3 None 26.87
CA2 3 1-3/4 1.72
CA3 3 2-5/8 4.72
CA4 3 3-1/2 8.93
CA5 3 4-3/8 14.34
-31
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TABLE 5
MATERIAL PROPERTIES DETERMINED BY COUPON TESTS
---7 Direction of Rolling
-32
Coupons
Static
Yie1d(a)
U1t irna te (b )
Coupon Plate Yield. Tensile % E1ong. % Red.
No. Thick. Stress Stress Stress in 8 in. Area
(in. ) (psi) (psi) (psi) (%) (%)
P3-1 1 29,700 31,100 61,300 34.3 63.6
\
P3-2 1 30,300 31,400 62,300 32.3 61.4
P3-3 1 29,600 30,800 61,100 34.0 62.2
P4-1 1 29,900 31,200 61,500 34.4 64.3
P4-2 1 28,500 30,000 61,700 31.2 64.4
P4-3 1 29,500 30,800 61,500 39.0 64.6
Average 29,600 30,900 61,600 34.2 63.4
A1-1 0.5 34,800 36,500 62,800 31.3 64.0
Al-2 0.5 34,200 35,700 . 63,300 29.4 64.3
Al-3 0.5 35,400 36,900 63,700 32.5 61.3
Average 34,800 36,300 63,200 31.1 63.2
(a) Mill Report: 0' = 38,800 for 1" plate
. y
(J = 43,300 for 1/2" platey
(b) Mill Report:O' 1 62,300 for 1" plate
u t. =
(J 64,600 for 1/2" p1a te
u1t.
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TABLE 6
SUMMARY OF TEST RESULTS
. ~ ""'~4.'\':l:";-; '-, .. ;~"""."";'" .. ,.:~,·~h'·" .;.:__ . ..,; /,-~ .
C· -,
. ,' •... ".,
MaX. Load Initial (a) (b)
i,,' Specimen- Washer ': Load at Before 0.02" Clamping K K
No. Dia. - 1st Slip Movement Force sl s2
(in. ) (kips) (kips) (kips)
CA1-1 None 102.8 102.8 144.2 0.36 0.36
CAl-2 None 82.2 82.2 145.2 0.28 0.28
CAl-3 :'r: 112.6 112.6 144.4 0.39 0.39None ':f.~
Average 99.3 99.3 144.3 0.34 0.34
CA2-1 1-3/4 84.1 84.1 144.6 0.29 0.29
CA2-2 1-3/4 92.6 92.6 145.2 0.32 0.32
CA2-3 1-3/4 84.0 84.0 144.6 0.29 0.29
Average 86.9 86.9 144.8 0.30 0.30
-,
CA3-1 2-5/8 83.5 93.3 158.2 0.26 0.29
CA3-2 2-5/8 64.4 87.0 144.6 0.22 0.30
CA3-3 2-5/8 63.7 87.3 146.7 0.22 0.30
Average 70.5 89.2 149.8 0.23 0.30
,-
CA4-1 3-1/2 59.3 63.4 144.9 0.21 0.22
CA4-2 3-1/2 57.5 62.7 145.7 0.20 0.22
,
CA4-3 3-1/2 67.8 88.6 145.4 0.23 0.31
;.' ,~
61.5 71.6 145.3 0.21 0.25~~I: Average
, ji1
~:'.~
CA5-1 4-3/8 74.4 79.4 145.2 0.26 0.27if
CA5-2 4-3/8 75.0 75.0 144.5 0.26 0.26
CA5-3 4-3/8 84.3 84.3 144.0 0.29 0.29
Average 77 .9 79.6 144.6 0.27 0.27
';.1
(a) Based on initial bolt tension and load at 1st slip.
(b) Based on initial bolt tension and maximum load
reached before a total slip of 0.02 in.
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TABLE 7
CHANGES IN BOLT TENSION
. -34
Spec.
No.
Washer
Dia.
(in. )
1st Slip
Load
(kips)
Avg. Initial
Bolt Tension
(kips)
Avg. Change
in Bolt
Tension at
50k
(kips)
"'''' ,,,.
Avg. Change
in Bolt
Tension
Before 1st
Slip
(kips)
Avg. Change
in Bolt
Tension
After 1st
Slip
(kips)
CA1-1 None 102.8
CAl-2 None 82.2
CAl-3 None 112.6
CA2-1 1-3/4 84.1
CA2-2 1-3/4 92.6
CA2-3 1-3/4 84.0
CA3-1 2-5/8 83.5
CA3-2 2-5/8 64.4
CA3-3 2-5/8 63.7
CA4-1 3-1/2 59.3
CA4-2 3-1/2 57.5
CA4-3 3-1/2 67.8
CA5-1 4-3/8 74.4
CA5-2 4-3/8 75.0
CA5-3 4-3/8 84.3
36.1
36.3
36.1
36.2
36.3
36.2
39.6
36.2
36.7
36.2
36.4
36.4
36.3
36.1
36.0
-0.56
-0.16
-0.24
-0.72
-0.57
-0.63
-0.01
-0.29
-0.33
-0.27
-0.27
-0.34
-0.35
-0.31
-0.39
-1. 29
-0.41
-0.97
-1. 77
-2.05
-1.44
-0.44
-0.42
-0.53
-0.27
-0.27
-0.48
-0.61
-0.60
-0.84
-1.55
-0.87
-1.67
-2.27
-2.51
-1.83
-0.64
-0.50
-1.15
-0.70
-0.47
-0.79
-1.03
-0.86
-1.24
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Fig. 1. Pressure Distribution Bet\\7een Tvlo Flat Plates
According to Cullimore and Upton
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Fig. 2. Test Specimen Used by Dorman Long and Company
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Fig. 3. Slip Coefficient - Contact Area Relationship for Tests
by Dorman Long and Company
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Fig. I Foil Gage Instrumentation on Bolt Shank
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Fig. 8. Calibration of Gaged Bolts
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Fig. 9. Washers Used in Test Program
Fig. 10. Washers Welded to Main Plate Section of Joint
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Fig. 11. Installation of Bolts in Joint CAS-3
Fig. 12. Instrumentation of Joint CA3-2
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Fig. 13. Extra Strain Gages on Main Plate Sections of Joints CA2
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Fig. 21 Main Plate Sections of Joints with Washers After Testing
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Fig. 22. Main Plate Section of Joint CAl-3 after Test
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